. In [6] , the network lifetime is maximized by employing the accumulative broadcast strategy which relies on the assumption that sensors cooperatively accumulate energy of unreliable receptions over the relay channels. The idea in [6] has been extended to maximize the network lifetime under multicasting scenario [7] .
I. INTRODUCTION
In wireless sensor networks (WSNs), extending network lifetime is considered as an energy efficient technique that enables extensive uses of uninterrupted data gathering capability and alleviate the burden of replenishing batteries of all sensors. Several definitions of the network lifetime have been introduced (See [1] , [2] and references therein), and they are suitable for different applications. One meaningful definition for missioncritical applications is the duration from the deployment of the network to the time that the battery of the first sensor is fully drained [1] . Several works based on this network lifetime definition have been proposed [2] - [6] . The problem of finding an energy-efficient tree to maximize network lifetime has been considered for broadcasting scenario [2] - [4] and multicasting scenario [5] . In addition, the static and dynamic maximum lifetime problems have been addressed in [2] - [5] . In [6] , the network lifetime is maximized by employing the accumulative broadcast strategy which relies on the assumption that sensors cooperatively accumulate energy of unreliable receptions over the relay channels. The idea in [6] has been extended to maximize the network lifetime under multicasting scenario [7] .
Recently, cooperation diversity paradigm [8] - [9] has been introduced to explore inherent spatial diversity through relay channels. Several cooperation protocols have been proposed, e.g. amplifyand-forward (AF) and decode-and-forward (DF) protocols. The exact performance analysis and optimum power allocation for the DF protocol have been investigated in [10] . The relevant works on which nodes are appropriate for cooperation and how much cooperation should be facilitated are provided in [11] - [12] . In [11] , the performance is evaluated when the best relay is chosen according to average signal-to-noise ratio (SNR) level. In [12] , the problem of who should cooperate and how much power should be allocated are addressed for multiuser OFDM networks. The proposed work in [13] considered the use of a set of relays employing AF protocol to extend the network lifetime in WSNs. However, the work focuses on physical layer, and cooperation among nodes have not been investigated.
In this paper, we propose to increase the network lifetime by exploiting the cooperation diversity in WSNs. The framework is based on the DF cooperation protocol; however, other cooperation protocols such as AF can be similar employed as well. We formulate an optimization problem to maximize the network lifetime under bit-error-rate (BER) and power constraints. First, we consider the cooperation among sensor nodes. We determine which sensors should cooperate and how much power to allocate for cooperative transmission. An analytical solution for a twosensor WSN is deduced to obtain some insights. In case of multisensor cooperative WSN, we propose a fast suboptimal algorithm to reduce the complexity of the formulated NP hard problem. Next, we further improve the network lifetime by deploying cooperative relays over a network of energy depleting sensors. We determine which locations to place the relays and how much power to cooperate. An efficient suboptimal algorithm is also developed. Simulation results are given to show network lifetime improvement over the non-cooperative WSN.
II. SYSTEM MODEL Consider a WSN with N sensors, each randomly located in the network. The information collected by each sensor is transmitted via a route to its destination. Since routing is beyond the scope of this paper, we simply assume that the route for each sensor is already known and fixed during the lifetime of the network. In cooperative sensor network, each sensor can act as a source that sends information on its route, or a relay that helps forward information on other routes. For notation convenience, we denote n j as the next node of node j (j = 1, 2, . . . , N). The cooperative strategy comprises two phase. In Phase I, the source transmits information. Suppose sensor j acts as the source and sensor i acts as the relay, the received signal at the next node n j can be expressed as
where x j denotes the symbol to be transmitted from sensor j, P jj is the transmitted power of sensor j, h jnj is the fading coefficient from sensor j to n j , and w jnj is additive noise. The channel coefficient h jnj is modeled as a complex Gaussian random variable with zero mean and variance σ jnj , where D jnj denotes distance between sensors j and n j , α is the propagation loss factor, and k is a constant whose value depends on the propagation environment. The received signal at the relay (sensor i) is
where h ji is the channel coefficient from node j to node i, and w ji is an additive noise (
ji , where D ji is the distance between sensor j and sensor i.
In Phase II, the relay forwards the information only if the symbol is correctly decoded by which we assume for mathematical tractability that the relay can judge whether the decoded information is correct or not 1 . The received signal at node n j is
whereP ij = P ij if the relay decodes the symbol correctly, otherwiseP ij = 0. The channel coefficient h inj and the noise w inj are CN (0, σ 2 inj ) and CN (0, N 0 ) distributed, respectively. At the destination, the received signal from both phases are combined using the maximum ratio combining (MRC), then the instantaneous SNR at the MRC output is
where x j is assumed to have unit energy. In case of BPSK signaling, the conditional BER based on γ j is BER [10] where γ j is the instantaneous SNR obtained in (4) . Therefore, the chance of incorrectly decoding at the relay is BER h (P jj |h ji | 2 /N 0 ), while the chance of correctly decoding at the relay is 1 − BER h (P jj |h ji | 2 /N 0 ). By taking into account these two chances and averaging the conditional BER over all Rayleigh fading channels, the average BER in case of BPSK signaling is [10] 
where
The first term on the right hand side of (5) corresponds to the case of incorrectly decoding at the relay, and the second term corresponds to the case of correctly decoding at the relay. By assuming that all channel links are available, i.e., σ 2 jnj = 0 and σ 2 ji = 0, the BER upper bound of the closed form BER expression in (5) can be obtained by removing the negative term and all one's in (5) . The resulting BER upper bound is given by [10] 
where A = F (sin −2 θ) = 0.25 and B = F (sin −4 θ) = 0.1875. Note that when the sensors transmit non-cooperatively, the BER upper bound [10] is given by
III. LIFETIME MAXIMIZATION BY COOPERATIVE SENSOR We first formulate the lifetime maximization problem, then provide analytical solution for a two-sensor system network, and finally develop a fast suboptimal algorithm for multiple-sensor scenario.
For subsequent evaluation, we define a power allocation matrix P as an N × N matrix with the following properties: 1 Practically, this can be done at the relay by applying a simple SNR threshold on the received data. Although, it can lead to some error propagation, but for practical ranges of operating SNR, the event of error propagation are negligible.
1) Each element
2) P jj represents the power that sensor j uses to transmit information to the next node n j and the relays. 3) P ij represents the power that sensor i helps forward information of sensor j to n j . We assume that all sensors have the information to be transmitted, i.e. P jj > 0. To maintain bandwidth efficiency, we assume that each sensor can be helped only once. Accordingly, each column of P contains at most two non-zero elements, i.e., 
A. Problem Formulation
We use in this subsection the definition of network lifetime in [1] which is the duration from the deployment of the network to the time that the battery of the first node is fully drained. Other definitions of network lifetime can be applied in a similar way. Denote P s as a processing power at the source and P r as a processing power at the relay. Also, let λ li be the transmission rate from node l to node i. We consider the scenario where all sensors transmit to one common destination (e.g., processing center or base station). The overall transmitted power of the relay (sensor i) is Pii
, and the overall processing power of sen-
where sgn(·) is the sign function. Hence, the lifetime of the cooperating sensor i is
, E i is the initial battery energy of sensor i. Accordingly, the network lifetime is given by
Whence, the maximum lifetime problem can be formulated aŝ
s.t.
where the first constraint is to satisfy the BER performance requirement (ε i ), the second constraint is to ensure that each sensor can be helped only once, the third constraint is to guarantee that each sensor has information to transmit and the transmitted power is no greater than P max , and the fourth constraint is to ensure that all the allocated powers are non-negative and no greater than P max . We assume, without loss of generality, that the non-cooperative transmit power of each sensor is feasible, i.e. P ii is always less than P max .
B. Analytical Solution for a Two-Sensor WSN
To better understand the formulated problem, we provide in this section an analytical solution for a two-sensor cooperative WSN. Both cooperative sensors transmit information directly to the same destination d. Under this scenario, there are three possible transmission strategies which will be explained in the sequel. The optimum power allocation is the one that results in the maximum network lifetime over all possible transmission strategies.
1) Non-cooperative transmission among sensors:
Based on (7), the optimum power allocation for non-cooperative case is for j = 1, 2, and P ij = 0 for i = j. Substituting (11) into (9), the network lifetime for non-cooperative transmission iŝ
2) Cooperative transmission when one sensor helps the other sensor: Without loss of generality, we will provide the solution for a case that sensor i helps relay information of sensor j. The lifetimes of sensor i and sensor j are given by
and
In order for sensor i to satisfy the BER requirement ε i , the optimum transmitted power of sensor i (P ii ) is given by (11) by replacing j with i. For sensor j, however, the optimum powers P jj and P ij are such that
ii ), and we can express P ij in terms of P jj as
. By substituting P ij from (15) and P ii from (11) into (13), the optimization problem in (10) is simplified tô
,
such that P jj ≤ P max and
For unconstraint optimization of (16), it can be shown that the optimal power P jj (P jj ) is the one that results in T i = T j . Hencê P jj is the solution to
. Accordingly, we can find thatP ij = f (P jj ) from the relation in (15). Therefore, the unconstraint maximum network lifetime in case of sensor i helps sensor j is given bỹ
If the constraint on transmitted power is such thatP ij ≤ P max , we can use (18) as the optimum network lifetime for this scenario. However, ifP ij > P max , we chooseP ij = P max . In this way, we can findP jj through the relation ofP jj andP ij in (6):
o . In this scenario, the lifetime of sensor i and sensor j arẽ
respectively, and the optimum lifetime whenP ij > P max is the minimum amongT i andT j . Therefore, the optimum network lifetime when sensor i helps sensor j iŝ
3) Cooperative transmission when both sensors help each other: In this scenario, the power that sensor i helps sensor j
, (23) whereP ii andP jj are the solutions to the optimization problem:
In (24), the first constraint is to ensure that T i = T j , and the second constraint is to guarantee that (24) is a convex optimization problem, hence, the solution can be found by any available optimization algorithm. If max{P ij ,P ji } ≤ P max , then the solution to (23) is the optimal network lifetime. Otherwise, the optimal network lifetime can be solved based on the boundary conditions as in Section III-B.2.
Finally the optimal network lifetime for the two-sensor WSN can be obtained from (12), (18), and (23) bŷ
(25)
C. Suboptimal Algorithm for Multiple Sensor WSN
As the number of sensors increases, although the optimal solution can be obtained through full search, it is computationally expensive. We propose, in this subsection, a suboptimal greedy algorithm to determine the network lifetime.
We first consider the solution to problem for the multiple-sensor WSN. In this case, the optimization problem can be written aŝ (26) where Ki = λiiPs + PiiΣ
, in which K i and K j are constants that includes the processing power, the power for transmitting its own information and forwarding information of others, and the transmitted powers for cooperative transmission. Similar to (18), we can find that the unconstraint maximum network lifetime when sensor i helps sensor j is given bỹ
whereP jj is the solution to
λ lj . Using (27), the optimum network lifetime for the multiple-sensor WSN can be obtained in a similar way as (19)-(22), and the solution is used to determine lifetime of each sensor in the proposed suboptimal algorithm which has the following descriptions.
Initially, the power allocation matrix P is assigned as a diagonal matrix with its diagonal component P jj follows (11), i.e., the initial scheme is the non-cooperative transmission scheme. The corresponding lifetime of sensor j is 
Second, the algorithm finds a sensor to help sensorm by choosing among all sensors i, i = 1, 2, . . . , N and i =m. For each possible helping sensor i, the algorithm uses (16) to find power allocation for the helping sensor i and the helped sensorm. After that, the algorithm determines lifetimeT net (i) after sensor i helps sensor m by choosing the minimum lifetime among lifetimes of all sensors in the networks, i.e.,T net
The obtainedT net (i), i = 1, 2, · · · , N − 1, from all possible helping sensors are compared, and the algorithm selects sensorî that leads to maximum network lifetime to help sensorm. Next, the algorithm updates the power allocation matrix P and updates the helped list by removing sensorm from the helped list. Then, the algorithm goes back to determine the helped sensor again from the updated helped list. This iteration is continued until all sensors have been helped, i.e., the helped list is empty, or the network lifetime cannot be further increased. The resulting P is the power allocation matrix which gives answer to the questions which sensor should help which sensor and how much power to cooperate. The detailed algorithm is shown in Table I . Although the proposed algorithm is suboptimal, we will show in Section V that the algorithm significantly improves the network lifetime. Moreover, the proposed algorithm can be implemented at a center node to manage power allocation and cooperation strategy of all sensors. The cooperative sensors follow the executed algorithm, and hence there is no additional computation burden at the sensors. In addition, the proposed algorithm can be directly extended to a larger WSN; the complexity of the algorithm is only linearly increased with the number of sensors.
IV. COOPERATIVE RELAY DEPLOYMENT
In this section, we study the network lifetime by the deployment of cooperative relays in an energy depleting WSN. The lifetime maximization problem is formulated, and an algorithm to solve the problem is explained.
A. Problem Formulation
We consider a WSN with N randomly-located sensors, K relays, and a destination. Since we assume that there is no cooperation among the sensors, the power allocation matrix P as defined in Section III is an N × N diagonal matrix whose each diagonal element P jj > 0 for all j. The lifetime of noncooperative sensor j can be expressed as in (14) . We also defineP as a K × N relay power allocation matrix whose (i, j) th element, P ij , represents the power that the relay R i helps the sensor j. To simplify the analysis, we assume that each sensor is helped by only one relay. This implies that each column of the matrixP contains at most one non-zero element. Denote E Ri as the initial energy of relay R i , the lifetime of relay R i is
Let x j and y j be the locations of sensor j on the x-axis and the y-axis, respectively, then the location of sensor j is represented by a vectorD j = [x j y j ]
T . We assume that the next routing node of node j is located atD nj = [x nj y nj ]
T . Therefore, the channel variance between sensor j and n j is σ
−α where · denotes the Frobenius norm [14] . Similarly, the locations of the relays are specified by
T and the i th column indicates the location of relay R i . Accordingly, the channel variance between relay R i and node n j is σ
−α , and the channel variance between sensor j and relay R i is σ
If sensor j is helped by relay R i , then the BER performance of sensor j is given by (5) with P ij and σ 2 ji replaced byP ij and σ 2 j,Ri , respectively. Given D R , P, andP; the network lifetime can be expressed as T net (D R , P,P) = min i,j T j , T Ri ., and the maximum lifetime optimization problem can be formulated aŝ T = max
In (30), the first constraint is to satisfy the BER requirement. The second constraint is to ensure that each sensor is helped by at most one relay. The third constraint is to guarantee that all sensors transmit their information with powers no greater than P max and there is no cooperation among sensors. The forth constraint is to ensure that the powers that the relays help the sensors are nonnegative and no greater than P max . It turns out that the formulated problem in (30) is NP hard. Since it is computationally expensive to obtain the optimal solution to (30), we propose in the next subsection a fast suboptimal algorithm.
B. Proposed Algorithm
In what follows, we describe the algorithm to determine the network lifetime in each step for fixed locations and fixed number of the cooperative relays. Then an algorithm to find the relay locations is provided.
To obtain the network lifetime when the number of relays and their locations are given, we use greedy suboptimal algorithm as follows. Initially, all sensors are sorted according to their noncooperative lifetimes (14) in ascending order, and the sensors are listed in a helped list H list . In each iteration, first, select the first sensor in the helped list as the one to be helped. Second, 
Sort N sensors by their lifetimes in ascending order and list in H list . Iteration: 1) Select the first sensor in the H list as the helped sensor. 2) Select the helping relay Rî from the set of K relays.
• For each i, use the heuristic algorithm to determine the network lifetimeTnet(i).
• Select Rî that results in maximum network lifetime to help the sensorĵ. 3) Update Pĵĵ in P and updatePîĵ inP.
SetP iĵ = 0 for all i =î and setTnet =Tnet(î).
Remove sensorĵ from the helped list H list . Go to 1). End: If the helped list is empty:
or the network lifetime cannot be further increased. Return P,P,Tnet. 
FindTnet(l), P(l) andP(l) using the algorithm in Table II determine the network lifetime T net (i) after all of the relay R i 's (i = 1, 2, . . . , K) help the selected sensor, and then choose the relay Rî that results in maximum network lifetime to help the selected sensor. Next, update the power allocation matrices P and P, remove the selected sensor from the helped list, and go back to the first step. The iteration continues until all sensors have been helped and the helped list is empty or until the network lifetime cannot be further improved. The proposed algorithm for finding the relay locations are as follows. We denote K max as the maximum number of relays, L as the total number of possible relay locations, and {D 1 , D 2 , . . . , D L } as the set of all possible relay locations. Initially, the number of relays is set to zero, and the set of all possible relay locations is
In each iteration, the number of relay is increased by one. For each fixed location D l ∈ Φ D , the algorithm in Table II is used to obtain T net (l) and the corresponding P(l) andP(l). Next, the location l that results in maximum network lifetime is selected as relay location. Then, the network lifetime is updated, and the location Dl is removed from the set Φ D . Finally, the algorithm goes back to the first step. The algorithm stops if the network lifetime can not be improved or the number of relays reaches K max . The detailed algorithm is presented in Table III. V. SIMULATION RESULTS AND DISCUSSIONS In all simulations, the propagation loss factor is α = 2, and the BER requirement of each sensor is ε j = 10 −3 . The processing power of each sensor (P s ) is set at 25% of the average transmitted power of the sensor. The processing power of each relay (P r ) is set at 50% of P s . All sensor have equal initial battery energies of E j = 10 5 . Unless stated otherwise, the sensors are randomly distributed based on uniform distribution over the considered area, and the base station is located in the center. Each sensor send information to the base station via a route that is determined using Dijkstra's shortest path algorithm.
In Figure 1 , we consider a two-sensor WSN, where sensor 1 is located at coordinate (0, 3.5). The location of sensor 2 varies from (0, 1) to (0, 9). We can see that the network lifetime of noncooperative scheme is determined by the lifetime of the sensor who is located farther from the destination. Under cooperative transmission, the network lifetime is significantly increased, especially when sensor 2 is located close to the destination. This is because sensor 2 requires small transmitted power to reach the destination; after sensor 2 helps sensor 1, the transmitted power of sensor 2 slightly increases, while the transmitted power of sensor 1 greatly reduces due to the cooperation diversity. With the proposed suboptimal approach (Table II) , the network lifetime is improved to almost the same as the lifetime of the sensor who is closer to the destination. By using the optimal power allocation obtained in Section III-B, the network lifetime can be further increased since both sensors take advantage of the cooperation diversity while using smaller amount of their transmitted powers. non-cooperative scheme for any number of sensors. For example, for a WSN with 50 sensors, the cooperative scheme improves the network lifetime by 2.3 times that of non-cooperative scheme. Note that the network lifetime of both schemes decreases with the number of sensors since we assume that all sensors have information to transmit; the more the sensors, the more the packets each node needs to send on its route. Figure 3 shows the network lifetime of a WSN with a cooperative relay deployment. We consider a monitoring area of 100m × 100m that contains 20 sensors (each represented by a circle node). Each of the sensors transmits information through a predetermined route to the base station that is located at the middle of the area (represented by a rectangular node). The cooperative relay is equipped with initial energy of E R i = 10
6 . In the figure, each point on the x-axis and the y-axis represents the relay location at coordinate (x, y), and the z-axis is the network lifetime according to each relay location. We can see that the network lifetime of the cooperative WSN gradually improves as location of the relay is closer to the center of the area. At the optimum relay location, the cooperative WSN increases network lifetime by 9 times that of the non-cooperative WSN. This is because the sensor that is nearest to the destination tends to die first, and its lifetime can be greatly improved by the relay that is located close to the center. Figure 4 , shows the network lifetime as a function of the number of cooperative relays. We consider a WSN with 20 sensors in a 100m × 100m monitoring area. The initial energy of each relay is 10 5 . By randomly deploying a cooperative relay, the cooperative WSN achieves about 2.4 times longer network lifetime than the non-cooperative WSN. If the relay is placed at the optimum location, the network lifetime is further improved to 3 times that of the non-cooperative WSN.
VI. CONCLUSIONS
In this paper, we propose the cooperative sensor/relay deployment in wireless sensor network (WSN). With cooperative WSN, energy consumption is evenly distributed among cooperative sensors as well as cooperation diversity is exploited such that the network lifetime is improved. First, decode-andforward cooperation protocol is employed among sensors. We determine which sensors should cooperate and how much power to allocate for cooperation. An analytical solution for a two-sensor WSN is provided. A suboptimal algorithm for a multiple sensor WSN is developed to reduce the complexity of the formulated problem. Simulation results show that the network lifetime of the multiple sensor WSN with random locations increases to 2.3 times compared with that of the non-cooperative WSN. In addition, we consider improving the network lifetime by adding cooperative relays into an energy depleting WSN. A suboptimal algorithm is developed to determine the best relay locations and power allocation scheme. By adding a cooperative relay in optimum location, the network lifetime increases 3 times over the noncooperative WSN.
